Abstract Since their introduction to biological imaging, quantum dots (QDs) have progressed from a little known, but attractive, technology to one that has gained broad application in many areas of biology. The versatile properties of these fluorescent nanoparticles have allowed investigators to conduct biological studies with extended spatiotemporal capabilities that were previously not possible. In this review, we focus on QD applications that provide enhanced quantitative information concerning protein dynamics and localization, including single particle tracking and immunohistochemistry, and finish by examining the prospects of upcoming applications, such as correlative light and electron microscopy and super-resolution. Advances in single molecule imaging, including multi-color and three-dimensional QD tracking, have provided new insights into the mechanisms of cell signaling and protein trafficking. New forms of QD tracking in vivo have allowed the observation of biological processes at molecular level resolution in the physiological context of the whole animal. Further methodological development of multiplexed QD-based immunohistochemistry assays should enable more quantitative analysis of key proteins in tissue samples. These advances highlight the unique quantitative data sets that QDs can provide to further our understanding of biological and disease processes.
Introduction
In 1998, two papers appeared back-to-back in Science (Bruchez et al. 1998; Chan and Nie 1998) describing the first applications of fluorescent semiconducting nanocrystals or quantum dots (QDs) to biological imaging. The critical advance demonstrated in these papers was the development of water-soluble QDs that could be conjugated to biomolecules for molecular targeting. The studies included the targeting of QDs to living cells via ligand coupling (Chan and Nie 1998) and multi-color labeling of structures in fixed cells (Bruchez et al. 1998) . Since these seminal papers, the application of QDs in bio-imaging has rapidly expanded to include many modalities that cover multiple time and length scales, from single molecule to in vivo imaging (Fig. 1) . The reason for their widespread use comes from several key advantages that QDs provide over conventional fluorophores (see Table 1 ). In particular, QDs have high photostability such that long-term imaging can be achieved without artifacts from photobleaching. Additionally, the broad absorption spectra and narrow emission spectra allow the simultaneous excitation of spectrally distinct QDs and easy spectral separation of emission for multiplex imaging. A number of excellent reviews contain detailed information concerning QD chemistry and photophysical properties (Michalet et al. 2005; Giepmans et al. 2006; Pons and Mattoussi 2009; Pinaud et al. 2010; Petryayeva et al. 2013) . Here, we highlight unique biological imaging applications that have been enabled by QDs, namely high-resolution imaging of protein behavior at the single molecule level and developments in multi-color quantitative immunohistochemistry (IHC). Advances in bioconjugation techniques and applications in correlative light and electron microscopy (CLEM) and super-resolution are also discussed.
QD-enabled studies of single molecule behavior in living cells
The elucidation of complex biological phenomena requires approaches that reveal the dynamic behaviors and organization of molecules in living systems. QD single particle tracking (QD-SPT) represents a powerful method for probing the dynamics of these individual proteins of interest in living cells with high spatial and temporal resolution. This capability is afforded by their high photostability and brightness, which is superior to conventional fluorophores (fluorescent proteins and organic dyes). These advantageous properties overcome difficulties in photobleaching that limit fluorophore imaging time thereby allowing for the acquisition of biological events over long timescales, and contribute to the utility of QDs as an ultrasensitive detection probe for SPT. Moreover, QD-SPT generates quantifiable dynamic information regarding diffusional properties, co-localization, and spatial and temporal heterogeneity of molecules inside living cells, none of which conventional fluorescence and biochemical methods can capture (Courty et al. 2006a; Cognet et al. 2014; Breger et al. 2014) .
The method of QD-SPT proceeds through multiple steps. Briefly, the first step involves generating a QD probe targeting the molecule of interest. A number of strategies are available for targeting QDs to bio-molecules of interest in living cells (Medintz et al. 2005; Petryayeva et al. 2013) . Second, once the QD probe is generated, a series of validations must be conducted to confirm that the QD probe binds with specificity to its cellular target, and that its function is not sterically hindered by QD size. Specificity of binding should be validated by comparing the cellular labeling of QDs with and without components necessary for binding, e.g., streptavidin-QDs alone versus streptavidin-QDs coupled to the biotinylated targeting molecule. Methods for validating retention of biological function include comparing QD-labeled versus fluorescent-dye-labeled (Cy3, Alexa dyes, fluorogenactivating proteins) targets and/or gold particle probes to ensure similar diffusion properties (Dahan et al. 2003; Bannai et al. 2006; Groc et al. 2007; Schwartz et al. 2014) , measurement of protein signaling activity with QDs tagged to either ligand or protein (Lidke et al. 2004; Andrews et al. 2008) , measurement of cellular activity such as cell outgrowth and survival with and without QDs (Cui et al. 2007; Vermehren-Schmaedick et al. 2014) , and comparison of internalization kinetics in receptors pre-labeled with QDs to receptors post-labeled with QDs following fixation (Fichter et al. 2010) . Following labeling and validation of the QD probe, a sequence of fluorescence images are acquired by time lapse photography to capture the biological event. The temporal resolution achieved by this acquisition will usually be limited by the camera readout time rather than by the brightness of the probe (Courty et al. 2006a ). Finally, biological information is extracted from the recorded trajectories through single particle tracking to yield measurements such as diffusion coefficient and velocity that provide dynamic information about the molecule of interest (Bannai et al. 2006) . A variety of commercial (IDL-Research Systems, Boulder, Colo., USA), Fig. 1 Quantum dots (QDs) are used in a range of biological imaging techniques. a Single molecule detection provides high spatiotemporal resolution (TIRF total internal reflection fluorescence microscopy). Example of two-color QD tracking of QD-labeled epidermal growth factor (EGF) bound to EGF receptor (EGFR; see also Low-Nam et al. 2011 ). b Live cell imaging captures dynamics of cellular processes. Image shows QD-EGF (red) binding to EGFR (green) on the surface of an A431 cell (see also Lidke et al. 2004) . c QDs used in immunohistochemistry (IHC) assays allow multiplex imaging (N/A not applicable). Example of two-color QD-IHC in human spleen tissue with QD-labeled antibodies against mast cell tryptase (green) and c-Kit (red; image by E.W. Hatch, Lidke Laboratory). d QDs can be visualized by in vivo imaging. Image shows simultaneous in vivo imaging of spectrally distinct QD-encoded microbeads. Image courtesy of X. Gao (see also Gao et al. 2004) customized, and open source software (ImageJ plugins such as Particle Tracker, Manual Tracking) are available for conducting single QD tracking. Subsequent biophysical analyses of the data include computing molecular dynamic information of free and confined diffusive processes (Dahan et al. 2003; Lidke et al. 2005a; Bannai et al. 2006; , molecular state changes such as dimerization dynamics including dimer status, rates of dimerization, and dimer diffusivity (Chung et al. 2010; Low-Nam et al. 2011 ) and receptor protein trafficking dynamics (Pierobon et al. 2009; Valentine et al. 2012) . Through the capabilities afforded by the sensitivity of QD-SPT, many groups have exploited the potential of QDs to unravel complex biological processes previously thought impossible. We highlight examples demonstrating recent work involving QD-SPT for tracking extracellular and intracellular protein targets.
QDs have served as a powerful tool for single particle tracking of membrane and cytoplasmic targets in a number of live cell studies (Fig. 2, Table 2 ). The accessibility of membrane targets for QD labeling makes them ideal targets for QD tracking. Since the initial papers demonstrating QD tracking of membrane receptors (Dahan et al. 2003; Lidke et al. 2004 ), a wide variety of membrane proteins have been studied by using live-cell QD single particle tracking. These include dissecting the dynamic behavior of membrane-bound targets such as receptors, channels, transporters, and (Altman et al. 2011) 3 QDs have a large Stoke's shift and broad excitation into the ultraviolet, allowing for simultaneous excitation of distinct QD species 4 QDs have narrow emission spectra that fit to a Gaussian profile, making spectral unmixing more straightforward 5 Although peak emission rate of QDs is less than that of organic fluorophores (QDs have a longer fluorescence lifetime), their high extinction coefficient (ε) and quantum yield (QY) result in higher brightness (ε*QY) 6 New fluorescent proteins demonstrate improved brightness (Shaner et al. 2013) 7 QDs have a range of conjugation schemes; however, truly monovalent coupling is difficult to achieve 8 Although fluorescent proteins are the only directly genetically expressible fluorophores, a number of small genetically expressible peptides can be used to target QDs and organic dyes (Regoes and Hehl 2005; Jacquier et al. 2006; Szent-Gyorgyi et al. 2008) 9 The QD core is inherently electron dense, but some organic fluorophores can provide contrast in electron microscopy (Shu et al. 2011) 10 QDs have special requirements for fixation (paraformaldehyde must be used; methanol or cold fixation must be avoided) and mounting medium (some mounting media lead to QD signal degradation; nonpolar organic-solvent-based reagents are recommended, see Table 3 ) 11 QDs demonstrate intermittent fluorescence. Groups are working on the generation of non-blinking QDs (Ghosh et al. 2012) . Typically considered a disadvantage in single molecule imaging, although blinking properties have been used in super-resolution (Lidke et al. 2005a; Lagerholm et al. 2006; Dertinger et al. 2009) 12 QD probes can be used in techniques that cover all spatiotemporal scales for biological imaging 13 Photobleaching of organic fluorophores makes longer-term imaging difficult 14 QDs are available in near infrared wavelengths with a high two-photon cross-section and the potential for use as a theranostic, but concerns exist regarding toxicity 15 Bright and stable near-infrared fluorescent proteins are being developed (Filonov et al. 2011) membrane components. The first single QD tracking experiments (Dahan et al. 2003) revealed the lateral diffusion of glycine receptors in living neurons for up to 20 min and showed that these diffusion behaviors varied in the different synaptic domains. Here, we describe recent examples of the use of QDs for understanding the dynamic properties of other membrane-bound components such as membrane receptors, lipid raft constituents, and water channels in a variety of neuronal and epithelial cell systems (see Table 2 ). These include studies of the cystic fibrosis transmembrane conductance regulator (CFTR) revealing previously uncharacterized immobile behavior attributable to Cterminal PDZ interactions (Haggie et al. 2006 ) and the tracking of the aquaporin water channels that demonstrate nonanomalous diffusion . have studied the diffusion properties of lipid rafts by attaching QDs to the lipid raft constituent, GM1 ganglioside; they have found that lateral confinement persists on similar time scales to the signaling of raft-associated proteins, offering support for the role of lipid rafts as a possible signaling platform. In another study, the same group has employed the use of antagonist-conjugated QDs for the study of the serotonin transporter and found that populations of the transporter residing in cholesterol and ganglioside-GM1-enriched microdomains display restricted mobility in comparison with the freely diffusing population of transporters not localized to these regions; these findings suggest a role for membrane microdomains in aspects of transporter regulation ). Together, these elegant studies serve to demonstrate the unique capability of QDs to explore the dynamic contributions of complex biological systems. New studies have also focused on tracking membrane protein trafficking or the movement of specific proteins from the extracellular surface to the intracellular environment in cells. Two areas of research include the QD tracking of epidermal growth factor receptors (EGFR) and neuronal growth factor receptors. In neuronal systems, QDs have been most readily utilized in the study of the binding and transport of neuronal receptor complexes such as nerve growth factor (NGF)-TrkA and brain-derived neurotrophic factor (BDNF)-TrkB ( Fig. 2a ; Cui et al. 2007; Rajan et al. 2008; VermehrenSchmaedick et al. 2014) . In EGFR systems, Lidke et al. (2004 Lidke et al. ( , 2005a demonstrated the first instance of the use of QDs for studying EGFR endosomal trafficking and found that EGFR is trafficked to the cell body along filopodia in a retrograde manner. Since their study, a number of other groups have Table 2 Example of targets for QD single particle tracking (CFTR cystic fibrosis transmembrane conductance regulator, AQP aquaporin, OAP orthogonal array of particles, PDX pancreatic duodenal homeobox, EGFR epidermal growth factor receptor, WGA wheat germ agglutinin, NGF nerve growth factor, BDNF brain-derived neurotrophic factor, NA not applicable) Target exploited the use of QDs for exploring other aspects of EGFR dynamic behavior including drug effects on the duration of EGFR endosomal trafficking , motility of early endosomes transporting EGFR as cargo (Zajac et al. 2013) , and dimerization activity of liganded and unliganded EGFR in various spatial contexts (Chung et al. 2010) . QD-enabled studies of NGF axonal transport by using biotin-NGF and streptavidin-QDs have been able to uncover previously unrecognized "stop-and-go" motions of NGF during retrograde transport (Cui et al. 2007) and to demonstrate the diffusive and active transport dynamics of NGF endosomal trafficking (Rajan et al. 2008) . Similar use of BDNF-QDs has enabled the study of the cytoplasmic trafficking dynamics of BDNF-TrkB endosomes and revealed that BDNF undergoes a combination of rapid and directed motions interspersed with circuitous meanderings, within the cell body, that are characterized by mobile and immobile phases (Vermehren-Schmaedick et al. 2014) . The use of QDs for tracking biomolecules that move from the cell surface into the cell cytoplasm also includes nonreceptor targets such as viral particles (S.-L. Liu et al. 2012) and lectins (S.-L. . The application of QDs will probably continue to expand further in the near future to other extracellular and extracellular/intracellular targets. Whereas QDs have experienced a growth in their application to the study of extracellular targets, the use of QDs for the study of intracellular targets remains an area of slower growth because of the technical challenge of QD delivery into the cell interior. Despite these challenges, several groups have demonstrated successful targeting of QDs to intracellular targets. Studies have used non-specific membrane fusion to deliver endocytosed QDs into the cell interior. For example, in early work, Nan et al. (2005) employed tracked motor proteins transporting QD-endocytic cargoes to measure, at high spatial resolution, the 8-nm steps taken by microtubule motors in the plus-and minus-end directions. Using a different technique to deliver QDs directly into the cytosol and to bypass endocytic routes, Courty et al. (2006b) tracked QD-conjugated kinesin, enabling single molecule characterization of the dynamics of individual intracellular kinesin. QDs have also been used to probe exclusively intracellular events such as the transport of QD-cargoes through nuclear pore complexes (Lowe et al. 2010) , fluid flow in lamellipodia through non-specifically delivered QDs (Keren et al. 2009) , and diffusion of QD-mRNA in interchromatin regions (Ishihama and Funatsu 2009) .
These and other studies have adopted a variety of strategies for introducing QDs into the cytosol, and these include: (1) passive delivery, (2) facilitated delivery, and (3) active delivery of QDs into the cytosolic environment. Passive delivery of QDs occurs through the induction of endocytic uptake through the inherent physical properties (surface coating and charge) of QDs (Nan et al. 2005) . Facilitated delivery of QDs occurs through association of the QD with a peptide or protein (Clausen et al. 2014) Up to 4 Simultaneous tracking of three independent membrane components by using filter-based approach to promote intracellular uptake (Derfus et al. 2004; Hild et al. 2008; Delehanty et al. 2009 ) or through the use of methods such as pinocytosis (Courty et al. 2006b ) and transfection reagents (Xu et al. 2013) . Recent application of active delivery of QDs into the cellular environment include methods such as electroporation (Keren et al. 2009 ) and microinjection (Xu et al. 2013) and novel methods such as photothermal nanoblade delivery (Xu et al. 2012) . Whereas successful cytosolic delivery of QDs has been demonstrated, ensuring QD nonspecific binding in the absence of functional modification in these systems remains a challenge. Attempts to demonstrate specific binding and functional integrity include a comparison of the kinetics and behaviors of delivered QDconjugates that are functionally versus non-functionally competent; for example, intact kinesin-QD conjugates versus denatured kinesin-QD conjugates (Courty et al. 2006b ) and QD conjugates with and without domains necessary for nuclear import (Lowe et al. 2010) . Although strides have been made in strategies for the cytosolic delivery of QDs, the continued development of targeting strategies that improve delivery efficiency and specificity while retaining molecular function is necessary for the exploration, in greater detail, of the complex biological processes that occur inside cells.
Multi-color single QD tracking
Often in biological studies, it is valuable to visualize protein behavior with respect to other proteins or their environment. The large Stokes shift of QDs makes them a good choice when imaging simultaneously blue-shifted organic dyes or green fluorescent protein (GFP). For example, by using two-color total internal reflection fluorescence (TIRF) microscopy, the motion of individual QD-labeled IgE receptors has been tracked with respect to the landscape of the membrane proximal actin bundles, labeled by GFP-actin (Andrews et al. 2008) . Simultaneous imaging of the receptor and actin has provided direct proof of the ability of actin to restrict membrane protein motion. Consistent with the actin corral hypothesis, the long QD tracks enable the characterization of IgE receptor mobility when near actin and have shown that the receptor is deflected by the actin boundary. Because of their broad absorption spectra and narrow emission spectra, QDs are also ideally suited for multi-color imaging at the single molecule level. Two-color single QD tracking is relatively easy to achieve by using a beam-splitter to separate the emission into separate spectral channels. Simultaneous imaging of distinctly tagged proteins allows for the visualization of protein-protein interactions at the single molecule level. For example, on homodimerization of the EGFR, erbB2 (HER2) and erbB3 (HER3) have been captured and quantified in live cells (Lidke et al. 2005a; Low-Nam et al. 2011; Steinkamp et al. 2014) . Labeling the various protein species with spectrally distinct QDs also allows the direct comparison of protein diffusion or the capturing of heterodimer interactions (Low-Nam et al. 2011; Steinkamp et al. 2014) . You et al. (2014) have used the pair correlation of dual-color imaging experiments to monitor QDlabeled interferon a2 (IFNa2) binding to its receptor, IFNAR2, and the recruitment of STAT2 to IFNAR2. Torreno-Pina et al. (2014) have used two-color single QD tracking as part of a study to examine the role of glycans in the micropatterning of the plasma membrane. By comparing mobility and protein interactions between DC-SIGN and a mutant that is not glycosylated, they found that glycan-mediated interactions did not lead to higher order clustering. However, glycosylated DC-SIGN exhibited a more restricted mobility, and these glycan-based interactions are important in regulating DC-SIGN interactions with clathrin (Torreno-Pina et al. 2014).
Typically, experiments focus on two-color tracking because of technical limitations of employing beam-splitters to separate the emission light into independent channels. Recently, several groups have developed methods for higher multiplexing capabilities. Lagerholm and colleagues have described a four-color beam-splitter approach that allows the simultaneous tracking of four distinct QD species (Arnspang et al. 2012) . Recently, Clausen et al. (2014) used this technology to track three independent membrane components simultaneously: CD59 (a glycophosphatidylinositol-anchored protein), EGFR (a transmembrane protein), and GM1 (a lipid). Tracking of each species demonstrated that, whereas each has a distinct diffusive behavior, the mobility of each is reduced in response to cholesterol depletion (Clausen et al. 2014) .
Keith Lidke and colleagues have developed a high-speed hyperspectral microscope that is not limited by filter-based detection but that acquires the full spectra of the sample in every pixel (Cutler et al. 2013 ). This line-scanning confocal instrument allows the simultaneous single QD tracking of up to eight spectrally distinct QDs at 30 frames/s (Fig. 2b) . The ability to increase labeling up to eight colors allows higher density labeling, increasing the probability of capturing protein-protein interactions and enabling high spatiotemporal resolution in diffusion maps (Cutler et al. 2013) . Since the confocal entrance slit to the spectrometer provides optical sectioning, the tracking of membrane protein motion at the apical cell surface is easily achieved.
Tracking single molecule motion in three dimensions
The advances in multiplex imaging have opened new avenues for investigation of membrane component behavior. However, these experiments are still realistically limited to a twodimensional focal plane. A number of groups have developed instrumentation, based on a range of approaches, that allows single particle tracking in three dimensions (Kao and Verkman 1994; Schütz et al. 2001; Prabhat et al. 2007; Watanabe et al. 2007; Lessard et al. 2007; Wells et al. 2009; Welsher and Yang 2014) . In several cases, the brightness and photostability of QDs have been critical to the successful application of threedimensional (3D) tracking. Ober and colleagues have designed an instrument that enables the simultaneous imaging of multiple focal planes in a sample (Prabhat et al. 2007) . Using this microscope, they have monitored protein endocytosis, recycling, and exocytosis in real-time (Prabhat et al. 2007; Ram et al. 2008) . By following the endocytic trafficking of QD-labeled transferrin, they have examined the intercellular transfer of cargo between adjacent cells (Ram et al. 2012 ). Izeddin et al. (2012) have used adaptive optics and pointspread function (PSF) engineering to track QD-labeled platelet-derived growth factor (PDGF) receptor motion in three dimensions. With this approach, they achieved 15-nm z-precision and captured the 3D landscape of the plasma membrane (Izeddin et al. 2014) . Werner and colleagues have developed a 3D tracking microscope that uses quad-APD detectors to monitor the emission of a single QD probe and track its motion in x, y, and z directions by moving the microscope stage to always keep the QD centered on the detector (Lessard et al. 2007; Wells et al. 2009 ). This instrument has been used to capture endocytosis dynamics of the activated IgE receptor (Wells et al. 2009 ), as the receptor undergoes large (>1 μm) changes in its z position when being trafficked from the plasma membrane to the cytosol. Recently, the group has collaborated with the Hollingsworth group to bioconjugate their giant non-blinking QDs (Ghosh et al. 2012) . The stable emission from these QDs allows much longer-term tracking of the IgE receptor motion in three dimensions on the cell surface (Keller et al. 2014 ). Welsher and Yang (2014) have combined 3D tracking with two-photon microscopy, which permits the simultaneous imaging of cellular structure while single molecules are tracked. With this approach, they have been able to capture the real-time binding of individual Tat-coated QD nanoparticles to the cell surface (Welsher and Yang 2014) .
Single QD tracking in whole animals
QDs have been used in in vivo animal models as imaging agents, enabling the high contrast visualization of the vasculature and lymph nodes, and as nanoparticle platforms to track the pharmaco-biodistribution of drugs and other biomolecules (Larson et al. 2003; Kim et al. 2004; Michalet et al. 2005; Diagaradjane et al. 2008; Jung et al. 2011 ). An emerging area is the single particle tracking of QDs in in vivo animal models. In one of the first studies of single QD tracking in vivo, Tada et al. (2007) demonstrated the real-time tracking of single QDs in live in vivo animal preparations; they imaged the movement of QDs that were conjugated to the antibody drug Herceptin in mice containing tumors with overexpressed HER2 breast tumors. By using a confocal microscope with a dorsal skinfold chamber, they observed the movement of QDs from the blood into and within the tumor and were able to quantitate information such as velocity, direction, and modes of transport. Hamada et al. (2011) counted single QD-VEGF probes in movies made in the blood vessels of ischemic mouse models undergoing angiogenesis to examine the molecular distribution of vascular endothelial growth factor (VEGF) with high spatial resolution. Another investigation that exemplifies the use of QDs in high-resolution measurements of in vivo biological processes has involved the use of QDs to track the motion of the protease-activated receptor 1 (PAR1) on the surface of tumor cells in order to study the membrane dynamics at high spatial resolution (∼8 nm) during the process of extravasation (Gonda et al. 2010) . Moreover, QDs have been employed to measure, in real time, the length changes in the sarcomeres of myocytes in vivo by infusing QD solution over intact myocytes and allowing their internalization via membrane fusion (Serizawa et al. 2011) . Such studies, conducted in in vivo preparations, are valuable in that one can look at biological processes that occur on the resolution scale of tens of nanometers in the physiologically relevant context of the larger scale biological system.
QDs for multiplex IHC
In addition to advancing single molecule and single cell imaging, QDs are being used to improve the multiplexing capabilities and sensitivity of IHC, a well-established method of diagnosis in surgical pathology enabling the in situ identification of characteristic antigens indicative of cell type and origin and of disease state. Typically, IHC of pathological samples involves the labeling of paraformaldehyde-fixed paraffin-embedded tissue with antibodies to specific targets. The extent of antibody labeling is traditionally detected by enzyme-substrate-based chromogenic reporters and a transmission light microscope. Fluorescence is becoming an attractive alternative to chromogenic detection in IHC. Specifically, fluorescence has an advantage when it comes to quantification, since the amount of labeling scales linearly with fluorescence intensity, whereas enzyme-based deposition is dependent on parameters such as time of incubation, temperature, and concentration of the substrate. Additionally, analysis of chromogenic substrates is only semi-quantitative, typically utilizing an H-score or other qualitative analysis (Barrow et al. 2011; Gonda et al. 2012) .
In the early 2000s, QD-based IHC (QD-IHC) protocols were developed and have since been applied to a range of tissues (Sun et al. 2001; Zahavy et al. 2005; True and Gao 2007; Byers and Hitchman 2011) . The unique properties of QDs (Table 1) provide enhance capabilities for sensitivity, multiplexing, and quantification. These permit a more detailed analysis of tissue structure, cellular localization, relative amounts of antigens, and colocalization and require only the sparing use of limited tissue samples, such as biopsy tissue (Akhtar et al. 2007; Caldwell et al. 2008; Yu et al. 2013) .
The QD-IHC protocol has come a long way from its debut in 2001, and many publications have examined the special considerations for fluorescence and QD label usage (Table 3 ). In addition to the considerations for traditional IHC, such as sample care and antigen retrieval, Xing et al. (2007) and Montón et al. (2012) provide a particularly rigorous analysis of reagents that may alter fluorescent signals and recommend conjugation and multiplexing methods. Additionally, key reviews have chronicled the progress of QD-IHC methodologies (Byers and Hitchman 2011; Chen et al. 2012; Fang et al. 2012; Kairdolf et al. 2013) .
Sensitivity is an important characteristic of IHC for its traditional applications in diagnostic medicine, such as for the detection of receptor targets before the initiation of therapies including those targeting the estrogen receptor (ER; Hammond et al. 2010; Gonda et al. 2012 ). Many studies have validated the detection by QDs in IHC (Chen et al. 2009; Xu et al. 2012; TabatabaeiPanah et al. 2013; Yu et al. 2013) . The recent key studies that have demonstrated the statistical and functional advantages of QD-IHC over other forms of IHC include work in which QD-IHC has been found to have 5 % better sensitivity and 10 % better specificity over traditional IHC when examining the Tn antigen in breast cancer tissues (Au et al. 2014) and demonstrations that the QD-IHC detection of the proliferation marker Ki67 is able to predict more accurately 5-year disease-free survival in breast cancer patients (Sun et al. 2014 ). Additionally, QD-IHC is amenable to coupling with signal-amplifying techniques such as tyramide signal amplification (TSA) to enhance further the detection of subtle antigenic signal (Akhtar et al. 2007 ).
Multiplex QD-IHC has allowed new insights to be made into the spatial organization and biomarker relationships in disease processes. Since the advent of multi-color QD-IHC in 2005 (Zahavy et al. 2005) , studies have examined the colocalization of biomarkers (Storch et al. 2007 ), tissue and microenvironment heterogeneity and co-evolution (Chen et al. 2010; J. Liu et al. 2010a J. Liu et al. , 2010b Faratian et al. 2011) , and structural changes, such as invasion (Xing et al. 2007; Peng et al. 2011; X.-L. Liu et al. 2011; Fang et al. 2012 ). An example of multiplex QD-IHC in tissue is shown in Fig. 3 . J. Liu et al. (2010a) targeted multiple antigens implicated in prostate cancer to create a signal map of patient tissues that cumulatively indicated architectural abrogation and demonstrated the potential of QD-IHC to reconstruct malignant transformation of a heterogeneous tissue. Peng et al. (2011) have demonstrated patterns of spatial and temporal coevolution of gastric and breast cancer cells and their surrounding stroma by following markers of basement membrane integrity or breakdown, angiogenesis, and macrophage invasion. Additionally, QD-IHC has been combined with other techniques such as QD in situ hybridization (QD-ISH) to examine RNA transcripts and to provide additional spatial information (Matsuno et al. 2005 (Matsuno et al. , 2006 .
Despite the advantages of QD-IHC for achieving quantitative information, only relative quantification to date has been implemented, in practice through various means such as spectral image acquisition, region of interest assignment, and signal discretization, and the subsequent quantification of intensity values. Hardware and software are major components dictating the quality of data collected from QD-IHC. Whereas hardware is beyond the scope of this review, we should mention the state of software options. Many packages are available to separate fluorescence signatures in spectral images; the most published is the commercially available Nuance software (PerkinElmer, Mass., USA) and spectral capabilities of ZEN software (Carl Zeiss Microimaging). Many groups additionally are writing their own unmixing Xing et al. 2007; Yu et al. 2013) . Analysis might expand on this relative quantification by providing a comparison between signals, in which one common housekeeping antigen might be used as an internal control to draw conclusions about the relative quantity of biomarkers. Common housekeeping targets include nuclear stains and proteins intimately involved in normal cellular processes, such as elongation factor 1 alpha (EF1α; Xing et al. 2007 ). Quantitative multiplex QD-IHC is an area of open opportunity by which to exploit the unique properties of QD photostability, multiplexed emission, and bright intensity to enable improved tissue diagnostics.
Progress in QD bioconjugation paradigms
QDs must be bioconjugated with specific biomolecules (e.g., proteins, DNA, ligands, drugs) in order to conduct the intended biological applications such as imaging, delivery, and biosensing (Medintz et al. 2005; Petryayeva et al. 2013) . Typically, QD bioconjugation entails the attachment of biomolecules to amphiphilic polymers that are assembled at the QD surface and serve to render the QD water-soluble (Medintz et al. 2005) . QD bioconjugation methodologies that are currently used to generate functionalized targeted probes have been derived from standard protein-labeling chemistries and have been described in recent reviews (Petryayeva et al. 2013; Blanco-Canosa et al. 2014) . Covalent chemistries are the preferred method of choice for use in cellular studies because of the more stable nature of these reactions. Covalent chemistries include carbodiimide chemistries, which offer cheap and fast covalent binding to the amine and carboxyl groups of the biomolecule of interest (Hermanson surrounding it is an aggregate of mast cells that are positive for both tryptase and cKit biomarkers. b Spectral curves of the corresponding boxes (i-iii) in a. The splenic capillary is high in QD565 signal that labels CD31 (i), and mast cells show high labeling of QD585-tryptase and QD655-cKit (ii). Images acquired by E.W. Hatch by using a Nuance spectral camera; spectral unmixing performed with custom software 2013). A disadvantage of these chemistries, however, is a lack of precise control over the orientation and stoichiometry of cross-linked biomolecules at the QD surface. Furthermore, aggregation is often a concern. Non-covalent biotinstreptavidin interactions are likely the most widely used for cellular-QD applications. This is because of the versatility of biotin-streptavidin bonds, which offer high affinity, wide pH, and salt stability (Hermanson 2013 ) and the practical ease of the use and some quantitative control of biomolecular valency at the QD surface. Biotinylation kits and biotinylated biomolecules are available from a wide range of suppliers, and streptavidin-QDs are commercially available and can be easily paired with a protein of interest. Other chemistries successfully used include self-assembly by histidine-metal affinity; this involves a His-appended biomolecule that interacts with the inorganic ZnS shell of the QD (Blanco-Canosa et al. 2014) . Despite the availability of methods in use, new bioconjugation chemistries will still be needed to continue to generate QD bioconjugates with the improved precision control and specific functionality necessary to achieve specific biological tasks (Zrazhevskiy et al. 2010) . Alternative bioconjugation schemes that produce a repeatable product, control the valency of the biomolecule on the QD surface, produce a desired orientation of the biomolecule on the QD surface, and do not compromise the function of the biomolecule still await further developments, which could provide a greater impetus for the expansion and establishment of QD applications in biology and medicine. Along these lines, recent efforts include work carried out to improve QD probes for single protein tracking by producing monovalent QD bioconjugates by means of peptide surface coatings and by the demonstration of new bioconjugation schemes employing hydrazide, aldehyde, and thiol-based linkages Clarke et al. 2010; Iyer et al. 2011) . The development of new bioconjugation schemes will be powerful and necessary for achieving multifunctional tasks such as combined imaging, targeting, and delivery (Zrazhevskiy et al. 2010) . Development of the use of specific types of QD bioconjugates together with their integration into novel methodologies will also be important for achieving multifunctional imaging, targeting, and delivery tasks (Zrazhevskiy et al. 2010) . Recent work along these lines includes flexible adaptable procedures designed to tap the full potential of multicolor QDs for tagging multiple targets in the same biological sample . Another emerging development is the use of "click" chemistries that are appealing because of their rapidity, high yield, and ease of use at room temperature. Click chemistries originally employed copper (I)-catalyzed azide-alkyene reactions, which are well-suited for high-selectivity, because these groups do not interact with native biological functional groups (Kolb et al. 2001) . Click chemistries have been used to bioconjugate biomolecules to magnetic, gold, and other colloidal nanoparticles. Because copper might alter the luminescent properties of QDs, recently available copper-free bio-orthogonal approaches (Bernardin et al. 2010; Han et al. 2010; Schieber et al. 2012 ) have made possible the use of click chemistries for the bioconjugation of QDs; these, in the near future, are likely to grow in application.
Potential areas for further development of QDs
A potential future opportunity for the application of QDs is in the exciting and growing area of correlated microscopy. CLEM offers the opportunity to visualize fluorescently tagged proteins in their surrounding context at high-resolution by electron microscopy. The dual QD fluorescence and electron-dense properties make QDs advantageous for CLEM (Giepmans et al. 2006; Sjollema et al. 2012) . QDs can be distinctly discriminated between at the EM level, and the simultaneous labeling of multiple endogenous proteins has been demonstrated for CLEM in cells and tissue and at the postsection labeling of nuclear proteins (Nisman et al. 2004; Deerinck et al. 2007 ). The 3D EM reconstruction of QDs in corresponding fluorescence optical sections has been demonstrated to elucidate details of neurofibrillary tangles in Alzheimer's disease in the study by Uematsu et al. (2012) , who have also employed energy-dispersive X-ray chemical analysis of Cd and Se to confirm the presence of QDs in appropriate locations in the EM image (Uematsu et al. 2012) . A unique attribute of QDs for use in CLEM is the capability to distinguish, in a multiplexed fashion, the multiple QD probes in EM based on their different size and shape and fluorescent color (Sosinsky et al. 2007) . As yet, the increased use of QDs in CLEM remains to be fully exploited. Another powerful use of QD correlative microscopy on the horizon is the combination of QD with other super-resolution fluorescence probes to bridge dynamic information of individual proteins in relation to their spatial organization in the cell. For example, information concerning the diffusive motion of glycine receptors by using QD-SPT has been studied in the context of the glycine receptor subsynaptic distribution by using PALM (Specht et al. 2013) .
QDs also possess properties that make them uniquely suited for super-resolution imaging. To achieve resolution beyond the diffraction limit, a number of super-resolution techniques rely on the ability to switch the fluorescence emission from emitters on and off. Lidke et al. (2005b) were the first to propose and demonstrate that blinking fluorophores could be used for super-resolution; they use the natural blinking of QDs independently to localize individual emitters with separations of less than the diffraction limit. In a similar manner, Lagerholm et al. (2006) have used blinking to localize QDs attached to the ends of double-stranded DNA that were separated by 42 nm. Wang et al. have recently extended this idea to 3D super-resolution . In 2009, Dertinger et al. applied QDs for SOFI (Super-resolution Optical Fluctuating Imaging) in which the statistical analysis of the fluorescence fluctuations throughout a time series can achieve a super-resolution image (Dertinger et al. 2009 . Whereas photostability is one of the greatest advantages of QDs, a blue-shift could be induced in their emission spectra ("blueing") in the QD emission in response to high intensity illumination. Hoyer et al. used this property to achieve resolution below the diffraction limit using a simple webcam for detection (Hoyer et al. 2011) .
Concluding remarks
From single molecules to single cells to tissue, QDs have provided unique quantitative data sets for a better understanding of biological and disease processes. The ability of QDs to enhance bio-imaging has been enabled by the development of instrumentation that can take advantage of the photophysical properties of QDs and sophisticated analysis routines to extract biological parameters from single molecule and spectral imaging data. Improvements in QD properties, such as reduced size, constant emission, and monovalent conjugation will further increase their utility. Therefore, although QDs have had a strong impact on biological imaging, we probably have yet to realize the full potential of QDs for quantitative imaging.
